The presence of a locomotory rhythm in the hatching stage of the crab Callinectes sapidus Rathbun was investigated. Larvae were subjected to 12 : 12 light: dark (LD) regimes for the first 48 h after hatching, then separated into groups held on the 12 : 12 LD regime or held in constant light (LL). Swimming speeds were measured at 6 h intervals for larvae in the two groups. In larvae maintained in LD regime, a peak swim speed was measured at successive 0200 readings with reduction in swim speed by the following reading at 0800. Larvae held in LL showed no such pattern. Continuous LD entrainment is necessary to maintain the rhythm. The rhythm may serve either as a depth regulatory device or as a mechanism for diurnal vertical migration.
INTRODUCTION
response of the pelagic larva of the brachyuran crab Callinectes sapidus Rathbun. The results are discussed The direction and rate of horizontal movement of in the context of vertical distribution and consequent planktonic animals is often determined by their verti-dispersal of the larvae. cal position in the water column. Thus vertical distribution is an important factor in determining reten-MATERIALS AND METHODS tion within or recruitment to estuarine habitats in benthic species with pelagic larvae (Camker, 1951;  Ovigerous Callinectes sapidus were obtained from Bousfield, 1955; Thorson, 1964; Wood and Hargis, lower Chesapeake Bay and returned to the laboratory 1971; Sulkin, 1973 Sulkin, , 1975a . The vertical position of a with egg mass intact. Eggs were then separated from particular larval stage is the result of a complex combithe egg mass, transferred to 25 m1 Erlenrneyer flasks nation of behavioral responses, involving both direccontaining seawater at 30 ppt salinity, and agitated tion and rate of movement, as well as such physical until hatching on a reciprocating shaker at 110 rpm. parameters as size and shape. Periodic variations in Room temperature was approximately 22 "C; ambient behavioral response could have substantial impact light approximated 12: 12 LD. Upon hatching, the larupon vertical distribution and thus influence direction vae were placed in shallow culture bowls measuring and extent of dispersal.
10 cm in diameter. Each bowl contained approximately Periodicity in locomotory response has been 200 larvae in 100 m1 of filtered seawater. Larvae were documented for many marine invertebrates, including fed the rotifer Brachionus plicatilis Muller ad libidum zooplankters (e.g. Naylor, 1958 Naylor, , 1963 Williams and (Sulkin and Epifanio, 1975; Sulkin, 1975b Sulkin, , 1978 . Lar-Naylor, 1967 , 1969 Enright and Harnner, 1967; Naylor vae were transferred daily to new bowls of fresh seaand Williams, 1968; Hughes, 1969a Hughes, , b, 1972 Fincham, water and fed. Cultures were maintained at 21 '-23°C. 1970; Jones and Naylor, 1970; Allen, 1972; Honegger, Larvae from three different crabs (designated as 104, 1973; Hindley, 1974; Cronin and Forward, 1979 ; for a 105 and 107) were used in the present experiments. pertinent review consult 'Marine Ecology', Volume 11:
From each of the three a a b s , four culture groups were Enright, 1975 
At 6 h intervals larvae were removed from each group at random and were placed in a rectangular Plexiglas chamber, 30 cm long, 3.3 cm wide, and 2.7 cm high. The larvae were attracted to one end of the chamber by a white light aimed down the axis of the chamber (intensity 7.5 ~m -~ at proximal end). Larvae were induced to swim along the axis of the chamber by reversing the direction of the light. Individual larvae were timed as they traversed a 5 cm long interval marked off in the middle of the chamber. The swim rates of 10 larvae, randomly selected, were measured at each interval for each group. Data were converted to c m sec-' values and plotted as means. The low frequency of measurement in these experiments did not permit periodogram analysis of the data. Swim rate was used as the diagnostic parameter of locomotory response because it can be rigorously measured. The horizontal orientation of the experimental chamber eliminated the complicating factors of gravity response and passive sinking.
The use of light as an orienting stimulus is a potentially complicating factor in these experiments. Only those individuals moving towards the light were used, thus eliminating potential bias imposed by possible rhythmic variation in phototactic response. Figure 1 shows the results for five independent groups that were maintained on the 12: 12 LD light regime throughout the experiment. These five trials were conducted over several weeks and occurred under a variety of lunar, tidal, and weather conditions. Experiments commenced at 0800. Although the fre- Mean swimming speed as a function of time of day for two groups of larvae from each of three different crabs (104, 105, 107) entrained in alternating periods of light and dark. The periods of light and dark are as indicated. Each data point is the mean of 10 independent measurements quency of measurement was not sufficient to apply periodogram analysis, each experimental group was subjected to one-way analysis-of-variance to determine whether there was significant difference among the means. As shown in Table 2 , significant difference was found in each of the five replications. Perusal of the mean swimming speeds shows that in all five trials, peak readings occurred at consecutive 0200 readings.
RESULTS
In trial 107-A, which was extended for 90 h, peak values occurred at three consecutive 0200 readings. Because the experiment was terminated at the fourth 0200 reading it is impossible to determine whether the value represents a peak. The reduction in value at 0800, even though the larvae were maintained in the dark between 0200 and 0800, suggests that the 0200 peak value was not merely a 'dark adaptation' response, but a component of a locomotory rhythm. Figure 2 shows the results for five independent groups which were transferred to a constant light con- dition (LL) immediately after the initial 48 h entrainment period. Note that although there is variation in swim rate and some suggestion of higher values during presumptive dark periods, the clear periodicity seen in Figure 1 is absent. It would appear that continuous entrainment conditions are required to 'set the clock' and maintain the locomotory rhythm. Figure 3 shows the results of two trials (larvae from a a b 107 only) where light regimes were further manipulated. In trial 107-B, the LD entrainment light regime was maintained for an additional 48 h. The expected peak values occurred at successive 0200 readings. After the additional 48 h LD entrainment period, constant light (U) was maintained. Although periodicity in response seems to occur, peak values are reset to occur at successive 2000 readings, signalling a shift in phase of the rhythm. In trial 107-C, the initial 48 h LD entrainment period is followed by 48 h of constant light (LL). As expected (Fig. 2) , no clear rhythm is present. After the additional 48 h of LL, the LD regime was reintroduced. The data suggest establishment of locomotory rhythm, although the rhythm is not perfect. Both results reinforce the conclusion that the rhythm is persistent, but is highly dependent upon light entrainment for synchronization.
DISCUSSION
The existence of a locomotory rhythm has been demonstrated for a wide variety of terrestrial and aquatic animals. Allen (1972) has reviewed the relevant literature on post-larval decapod crustaceans. Both tidal and circadian locomotor rhythms have been documented for brachyuran crabs (Naylor, 1958 (Naylor, , 1963 Barnwell, 1966; Naylor and Williams, 1968; Naylor, 1967, 1969; Palmer, 1973; Honegger, 1973) . These authors have demonstrated a wide variety of rhythm patterns, degree of persistence, apparent 'Zeitgebers', and response to temperature.
The data presented here suggest the presence of a strong die1 rhythm in locomotor acitivity, but one with weak persistence in the absence of the light synchronizer. This may be similar to the 'hour-glass' timing mechanism described by Ernight and Hamner (1967) for the amphipod Tiron sp. With Tiron sp. dusk triggered upward migration and set up a onecycle timer which resulted in downward migration 12 h later. In the present case, the light-dark cycle triggers an increase in swim rate, which is reversed within 12 h.
In the present experiments, frequency of measurement was not sufficient to apply periodogram analysis or to describe the rhythm more precisely. Neither are Time of day Fig. 3. Callinectes sapidus. Mean swimming speed as a function of time of day for groups of larvae entrained as indicated.
Periods of light and dark are as indicated. Each data point is the mean of 10 independent measurements we able to eliminate completely the possibility that tidal or other rhythms may be complicating what appears to be a clear diel rhythm. Both decoursey (1976) and Cronin and Forward (1979) have described tidal rhythms in larvae of estuarine a a b species. Nevertheless, the identical nature of the response seen in group replicates and among groups taken from different crabs at different dates suggests strongly the presence of a diel rhythm. The significance of the reported locomotory rhythm to vertical movement must be evaluated in relation to the other factors which govern vertical distribution.
Movement to surface waters during the early part of larval development has been reported for a variety of benthic invertebrates (e.g. Hyman, 1925; Russell, 1927; Thorson, 1946; Carriker, 1951 ; Bousfield, 1955; Bayne, 1964) . Sulkin (1973) asserted that such movement was an adaptation which enhanced dispersal by subjecting the larvae to a variety of horizontally moving currents. Other authors have suggested that surface waters provide food, warmth, illumination, and respite from direct competition with benthic adults (Thorson, 1946; Mileikovsky, 1972) .
A variety of behavioral adaptations may produce upward movement in early stages. In the two xanthid crabs . Leptodius floridanus (Gibbes) and Panopeus herbstii Milne-Edwards, upward movement of the first zoeal stage is the result of positive phototaxis and negative geotaxis (Sulkin, 1973 (Sulkin, , 1975a . In combination with these taxis responses, high barokinesis serves as a depth regulatory device by increasing swim rate as the larvae sink (Sulkin, 1973) .
In Callinectes sapidus, the first zoeal stage has been reported to be positively phototactic (Forward, 1977; Sulkin and van Heukelem, unpublished) . We have found the first zoeal stage to exhibit negative geotaxis (unpublished). Thus both photo-and geo-taxis responses would position the larvae such that active swimming would result in upward movement.
If one assumes that light enhances upward movement either by insuring the appropriate primary orientation or by stimulating high photokinesis, the observed locomotory rhythm may be a depth regulatory mechanism. In negatively geotactic larvae, increased swim rate during early morning hours may compensate for the absence of light. Alternatively, the rhythm could provide a mechanism for diurnal vertical migration, effecting a net upward movement during the night and a net downward movement commencing prior to dawn.
The choice between the alternatives depends upon the rate values of many contributing factors, including intrinsic swim rate, sink rate, and per cent time spent actively swimming during the day and night. These factors are presently under investigation.
